A gradual shift in the microfibril angle of gelatinous layer (G-layer) of tension wood fibres of the S 1 +G type has been detected via potassium permanganate (KMnO 4 ) staining. Thus, microfibril angles in fibres of the S 1 +G type are different from S 1 +S 2 +G type fibres. We evaluated the microfibril orientation and presence of lignin and xylan in G-layers of tension wood fibres of the S 1 +G type in several Japanese hardwoods. The distribution of xylan and lignin was examined using immunoelectron microscopy with anti-xylan monoclonal antibody, ultraviolet (UV) microscopy, fluorescence microscopy after acrifravine staining and transmission electron microscopy after KMnO 4 staining. In transverse sections, the outer parts of the G-layers showed ultraviolet absorption and a heterogeneous KMnO 4 staining pattern, suggesting that lignin was heterogeneously distributed in the outer parts of the G-layers. The heterogeneous staining pattern was found in the G-layers of several tree species; however, the degree of staining differed between tree species. In longitudinal sections, the KMnO 4 -staining region in the G-layers continued parallel to the cell axis to variable lengths. The orientation of cellulose microfibrils changed gradually from a steep helix to parallel to the cell axis from the outer to inner parts of the G-layers. Xylan immunolabelling was observed in the outer part of the G-layers; in some fibres, labelling was found in the innermost parts of the G-layers. Following immunogold labelling combined with KMnO 4 staining, xylan labelling was mainly found in KMnO 4 -stained electron-opaque regions, suggesting that lignin and xylan were heterogeneously colocalized in the outer parts of the G-layers. The rotation of cellulose microfibrils and heterogeneous distribution of xylan and lignin might be a general phenomenon in S 1 +G tension wood fibres.
Introduction
Trees produce specialized xylem tissue, called reaction xylem, in response to mechanical stress. Most angiosperm trees experience eccentric growth and produce a type of reaction xylem called tension wood on the upper sides of inclined stems (Onaka 1949 , Robards 1966 , Bamber 2001 . Tension wood contains gelatinous wood fibres (G-fibres) with a gelatinous layer (Glayer) in some species (Onaka 1949 , Fisher and Stevenson 1981 , Clair et al. 2006 . G-layers are rich in highly oriented cellulose microfibrils . Cell wall organization in Gfibres varies among tree species and is classified into following three types: S 1 +G, S 1 +S 2 +G and S 1 +S 2 +S 3 +G (Wardrop and Dadswell 1955, Saiki and Ono 1971) . In fibres of the S 1 +S 2 +G type, the microfibril angle of the G-layer is drastically changed, to become parallel to the cell axis from S 2 -layer steep helix microfibrils. This causes a separation between the S 2 -layer and G-layer when transverse sections are cut (Clair et al. 2005) and enables direct chemical analysis of isolated G-layers (Norberg and Meier 1966 , Furuya et al. 1970 , Nishikubo et al. 2007 ). Many studies have been conducted on the composition of G-fibre cell wall components other than cellulose in poplar tension wood with S 1 +S 2 +G fibres, specifically with respect to the roles of xyloglucan (Nishikubo et al. 2007 , Mellerowicz et al. 2008 , Hayashi et al. 2010 , Mellerowicz and Gorshkova 2012 , arabinogalactan protein (Lafarguette et al. 2004 , Bowling and Vaughn 2008 , Guedes et al. 2017 , galactan (Arend 2008 , Gorshkova et al. 2015 , RG-I type pectin (Bowling and Vaughn 2008, Guedes et al. 2017) , acidic arabinogalactans (Gorshkova et al. 2015) and xylan (Kim and Daniel 2012) . Recently, the distribution of various non-cellulosic polysaccharides was examined in developing G-fibres in willow (Gritsch et al. 2015) . We could not detect lignin by ultraviolet (UV) microscopy or transmission electron microscopy (TEM) in the G-layers of poplar tension wood , although some reports have suggested the presence of small amounts of lignin in poplar G-layers (Joseleau et al. 2004, Gierlinger and Schwanninger 2006) . Several reports have shown the presence of aromatic compounds in G-layers in other species with G-fibres of the S 1 +S 2 +G type (Saiki and Ono 1971 , Araki et al. 1982 , Yoshida et al. 2002 , Lehringer et al. 2008 , 2009 ).
By contrast, fewer studies on G-fibres of the S 1 +G type have been conducted than on those of the S 1 +S 2 +G type. Wardrop and Dadswell (1955) reported that the S 1 -layer is sometimes unlignified in G-fibres of the S 1 +G type. Saiki and Ono (1971) observed this G-fibre type in Cercidiphyllum japonicum Sieb. et Zucc. and Fraxinus sieboldiana Blume and demonstrated the presence of a transitional zone, with the microfibril angle gradually changing between the S 1 -layer and G-layer. Araki et al. (1983) found this type of G-fibre in C. japonicum, Cornus controversa Hemsl. and Alnus pendula Matsum., and also reported a gradual change in microfibril orientation in G-layers. Prodhan et al. (1995a) examined the ultrastructure of tension wood fibre in Fraxinus mandshurica Rupr. var. japonica Maxim. In their study, the cross-sectional surface of tension wood fibres indicated relatively strong attachment of the G-layer to the S 1 -layer. The Glayer was weakly stained by potassium permanganate (KMnO 4 ), suggesting the presence of small amounts of lignin in the Glayer, and staining in the tension wood S 1 -layer was weaker than in that of normal and opposite wood fibres. They also demonstrated a progressive change in microfibril orientation in the outer portion of the G-layer in obliquely cut sections. Baba et al. (1996) determined the characteristics of Eucalyptus camaldulensis Dehnh tension wood, and found that this species has G-fibres of the S 1 +G type; however, they performed double staining with uranyl acetate and lead citrate and did not detect lignin in the G-layers. Roussel and Clair (2015) reported evidence of late lignification of G-layers in Simarouba amara Aubl. tension wood fibres. Recently, Ghislain and Clair (2017) reviewed the presence of lignin in tension wood fibres. To determine the differences between G-fibres of the S 1 +S 2 +G and S 1 +G types, it is important to be able to detect microfibril orientation and small amounts of lignin. A comparison of G-layers with almost no lignin (G-fibres of the S 1 +S 2 +G type in poplar) and Glayers with small amounts of lignin (G-fibres of the S 1 +G type) enables us to determine why G-layers are not lignified and which substances are necessary for the lignification of G-layers.
In this study, we evaluated microfibril orientation and the presence of lignin in the G-layers composed of G-fibres of the S 1 +G type in several Japanese hardwoods. We found that xylan and lignin were heterogeneously distributed in the G-layers.
Materials and methods

Plant materials
The tree species used in this study are listed in Table 1 . These trees were collected at the Kitashirakawa Experimental Station of the Field Science Education and Research Center of Kyoto University, the Kyoto University Graduate School of Science Botanical Garden, and Hieidaira (Shiga, 358°N, 1368°E; 400 m above sea level) in Japan. At the start of cambial growth (end of March or beginning of April), sample trees were artificially inclined to~30-45°from the vertical. To prevent upward bending of the stems, a rope was fixed to the lower sides of each inclined stem. Wood discs were taken from each tree and small blocks containing differentiating xylem were cut from the upper side and fixed in 2% paraformaldehyde in 0.07 M phosphate buffer (pH 7.0) or stored in 70% ethanol without fixation. After fixation, the blocks were washed with phosphate buffer, dehydrated through an ethanol series, and embedded in LR White resin or epoxy resin according to the method of Luft (1961) nadic anhydride, which is strongly stained by KMnO 4 in electron microscopy. Dodecenyl succinic anhydride was used as a replacement according to the method shown in Nakagawa et al. (2014) .
Ultraviolet microscopy
Transverse sections (thickness: 3 μm) were cut from specimens embedded in epoxy resins using a rotary microtome equipped with a diamond knife. The sections were mounted on quartz slides with glycerine, covered with quartz coverslips and observed under a microscope spectrophotometer (Carl Zeiss UMSP-80, Oberkochen, Germany) at a wavelength of 280 nm. Ultraviolet photomicrographs were taken with a digital camera (CM-140GE-UV, JAI Corp., Yokohama, Japan) and JAI Control Tool software.
Fluorescence microscopy following staining with acriflavine
Transverse sections (thickness: 0.5 μm) were cut from specimens embedded in epoxy resin using a diamond knife. Then sections were stained for 1 h at room temperature with 0.001% acriflavine, which stains lignified tissue with a green fluorescence (530 nm) (Donaldson et al. 2001) . Sections were washed with water, dried and mounted with a Prolong Diamond Antifade Reagent (Thermo Fisher Scientific, Waltham, MA, USA), and observed under a light microscope (BX50, Olympus, Tokyo, Japan) with a filter set (U-MNIBA, Olympus).
Transmission electron microscopy following staining with potassium permanganate
Transverse and radial sections (thickness: 0.1 μm) were cut from embedded specimens using a ultramicrotome (Reichert-Jung Ultracut E, Depew, NY, USA) equipped with a diamond knife. The ultrathin sections were mounted on copper grids and stained with 1% KMnO 4 /0.1% sodium citrate aqueous solution for 5-30 min at room temperature. The grids were washed with water and observed under a TEM (JEM-1400, JEOL, Tokyo, Japan) at 100 kV.
Immunofluorescence xylan labelling
Immunofluorescence xylan labelling was conducted according to previously described procedures (Kim et al. 2010 ) with a slight modification. Semi-thin sections (thickness: 0.5 μm) were cut from specimens embedded in epoxy resin and mounted on super frost aminosilane-coated slides (S9441, Matsunami, Tokyo, Japan). The sections were incubated in 3% skim milk in Tris (hydroxymethyl) aminomethane-buffered saline (TBS, pH 8.2) for 1 h at room temperature. Then the sections were incubated in LM11 anti-xylan monoclonal antibody (PlantProbes, Leeds, UK; diluted to a 1:20 ratio with blocking buffer, 1% bovine serum albumin in TBS at pH 8.2 containing 0.1% sodium azide) for 2 days at 4°C. LM11 binds both low-substituted and highly substituted xylans (McCartney et al. 2005) . Sections were subsequently incubated with Alexa Fluor 568 anti-rat IgG (Thermo Fisher Scientific; diluted to a 1:100 ratio with blocking buffer) for 2 h at 35°C. As a control, blocking buffer was used instead of LM11 antibody on some serial sections. Sections were washed with TBS and water, dried and mounted with a Prolong Diamond Antifade reagent. Sections were examined under a light microscope (BX-50, Olympus) with a filter set (Semrock TxRed-4040C, Opto-Line Inc., Tokyo, Japan). Serial sections were stained with 0.5% w/v Azure II methylene blue solution containing 0.5% borax for 5 min at room temperature and observed under a light microscope.
Immunogold xylan labelling
Immunogold labelling was conducted according to procedures described by Kim and Daniel (2012) with minor modifications. Ultrathin transverse or radial sections (thickness:~0.1 μm) were cut from specimens embedded in LR White resin using an ultramicrotome (Reichert-Jung Ultracut E) equipped with a diamond knife. Sections were mounted on nickel grids and incubated with LM11 (McCartney et al. 2005 , diluted to a 1:20 ratio with a blocking buffer) for 2 days at 4°C. Then grids were incubated with anti-rat secondary antibody labelled with 10 nm colloidal gold particles (EMGAT10, BBInternational, Cardiff, UK; diluted to a 1:100 ratio with a blocking buffer) for 5 h at 35°C. As a control, some grids were incubated with blocking buffer instead of LM11. Grids were observed under a transmission electron microscope (JEM-1400, JEOL) at 100 kV without post-staining. A portion of the grids were stained with 1% potassium permanganate (KMnO 4 )/0.1% sodium citrate aqueous solution for 30 min at room temperature after immunolabelling.
Results
Heterogeneous distribution of lignin in the G-layers
Light micrographs of differentiating tension wood in Betula grossa Sieb. et Zucc. and C. japonicum after staining with Azure II methylene blue are shown in Figure 1 . During development, Glayers showing purple colour were found within very thin secondary walls (Figure 1e and f) and the thickness of the G-layers gradually increased (Figure 1g and h). In B. grossa, the outer parts of the G-layers exhibited denser colour than the inner parts (Figure 1g , arrows). This heterogeneous staining may suggest a heterogeneous distribution of cell wall components in the Glayers. In C. japonicum, the staining of the G-layers was nearly constant, and the outermost parts of the G-layers displayed a slightly denser colour (Figure 1h , arrows). We observed almost fully developed G-fibres in the vicinity of the annual ring boundary. Figure 2 shows UV micrographs of developed tension wood fibres in six tree species. The outer parts of the G-layers in B. grossa ( Figure 2a ) exhibited heterogeneous UV absorption, suggesting that lignin is heterogeneously distributed in the outer parts of the G-layers. In C. japonicum (Figure 2b ) and C. controversa (Figure 2c ), a thin, limited area in the outer part of the Glayer and the innermost parts of the G-layers showed UV absorption. In Corylus sieboldiana Bl. (Figure 2d ),~70-80% of the thickness in the G-layer showed weak UV absorption and a very limited
Tree Physiology Online at http://www.treephys.oxfordjournals.org innermost area exhibited no absorption at all. In Benthamidia japonica (Sieb. et Zucc.) Hara (Figure 2e ) and Cornus brachypoda C.A.Mey. (Figure 2f ), the outer region of the G-layer showed weak UV absorption. Fluorescence micrographs of thin sections after staining with acriflavine are shown in Figure 3 . In B. grossa (Figure 3a) , patchy fluorescence was found in the outer parts of the G-layers. In C. japonicum (Figure 3b ) and C. controversa (Figure 3c ), a thin outer region of the G-layer showed fluorescence. In C. sieboldiana (Figure 3d ), fluorescence was found in almost all of the G-layer and some patchy patterns were observed. In B. japonica (Figure 3e ) and C. brachypoda (Figure 3f ), the outer region of the G-layer showed fluorescence. Transmission electron microscopy of transverse sections from developed G-fibres after staining with KMnO 4 are shown in Figure 4 . The outer parts of the G-layers were heterogeneously stained with KMnO 4 , suggesting a heterogeneous distribution of lignin; however, the degree of staining in the G-layers varied among tree species. The outer parts of the G-layers in B. grossa (Figure 4a ) showed patchy heterogeneous staining. In C. japonicum (Figure 4b ) and C. controversa (Figure 4c ), a thin, limited area in the outer parts of the G-layer was stained. In C. sieboldiana (Figure 4d ),~70-80% of the thickness of the G-layer showed patchy staining and a very limited innermost area showed no staining. In B. japonica (Figure 4e ) and C. brachypoda (Figure 4f ), the outer region of the G-layer was heterogeneously stained and some flame-like staining patterns were observed. In radial sections of the G-layers in B. grossa (Figure 5a ), the KMnO 4 staining region continued parallel to the cell axis to irregular lengths in the G-layers, suggesting that lignin is heterogeneously distributed from the outer to inner parts of the G-layers.
Gradual change in the orientation of cellulose microfibrils in the G-layers A transmission electron micrograph of an obliquely cut radial section of B. japonica is shown in Figure 5b . The orientation of cellulose microfibrils gradually changed from a steep helix in the outer part to almost parallel to the cell axis in the inner part of the G-layer. This gradual change in microfibril orientation was also detected in other tree species used in the present study (Figure 6a-e) . In contrast, the S 1 +S 2 +G type tension wood fibres in hybrid poplar (Figure 6f ), the orientation of cellulose microfibrils drastically changed from the S 2 layer to the G-layer. Figure 7 shows xylan immunofluorescence detection using the LM11 antibody in developed G-fibres in tension wood. Because we used serial sections, the cells in Figure 7a -f are almost the same as those shown in Figure 3a -f, such that we can compare lignin distributions shown by acriflavine staining with xylan distributions shown by LM11 labelling. Patchy fluorescence was found in the outer parts of the G-layers in B. grossa (Figure 7a) . A thin outer region of the G-layer showed fluorescence in C. japonicum (Figure 7b ) and C. controversa (Figure 7c ). Strong fluorescence was found in the outer half of the G-layer, with fluorescence spreading toward the inner part of the G-layer, and patchy patterns can be seen in C. sieboldiana (Figure 7d ). The outer region of the G-layer showed fluorescence in B. japonica (Figure 7e ) and C. brachypoda (Figure 7f ). There were two types of fibres with or without strong labelling in the innermost parts of the G-layers (Figure 7g and h, arrows). In B. japonica, we occasionally found G-fibres with a multilayered structure (Figure 7i, arrows) . We counted the number of cells of the two types of fibres described above and those with a multi-layered structure (in B. japonica) on~200-700 developed G-fibres. In C. sieboldiana, no G-fibres showed strong labelling in the innermost parts of G-layers. The proportion of G-fibres with strong xylan labelling in the innermost parts of G-layers varied among tree species: 70% in B. grossa, 83% in C. japonicum, 47% in C. controversa and 23% in C. brachypoda. In B. japonica, the proportion of G-fibres with innermost xylan labelling and those with multi-layered structure were 42% and 15%, respectively. The results of immunogold xylan labelling using LM11 antibody in differentiated tension wood in B. grossa and C. japonicum are shown in Figure 8 . LM11 labelling was found in the outer to inner parts of the G-layers in B. grossa (Figure 8a ). In C. japonicum, LM11 labelling was found in the outer parts of the G-layers (Figure 8c ). Because these immunogold-labelled sections were observed without post-staining, the relationship between xylan Tree Physiology Online at http://www.treephys.oxfordjournals.org labelling and KMnO 4 staining was unclear. To clarify the relationship between xylan labelling and KMnO 4 staining in the G-layers, immunogold-labelled sections were stained with KMnO 4 . A similar attempt was made by Altaner et al. (2010) , who studied the relationship between the distributions of galactan and lignin in softwood tracheids. Figure 9 shows immunogold xylan labelling using LM11 antibody coupled with KMnO 4 staining in developed tension wood fibres in B. grossa. LM11 labelling was found mainly in the KMnO 4 -stained electron-opaque regions in both transverse (Figure 9a ) and radial (Figure 9b ) sections, suggesting that lignin and xylan are heterogeneously colocalized in the outer parts of the G-layers.
Heterogeneous distribution of xylan in G-layers
Discussion
Gradual change in the orientation of cellulose microfibrils in the G-layers Transmission electron microscopy showed that the orientation of cellulose microfibrils in the G-layers gradually changed from a steep helix in the outer parts to almost parallel to the cell axis in the inner parts. Prodhan et al. (1995b) performed a detailed observation of tension wood fibres in F. mandshurica var. In some fibres, strong labelling was also found in the innermost parts of the G-layers (arrows, g and h) and a multi-layered structure was occasionally found (arrows, i). CML, compound middle lamella. japonica and proposed a model of the orientation and deposition of microfibrils in the secondary wall of tension wood fibres (types 1 and 2) with the S 1 +G type of cell wall organization. They classified the G-layers into three regions: G 1 , the outer region of the Glayer with a progressive rotation of microfibrils; G 2 , the principal region of the G-layer, with arrested rotation, in which microfibrils are oriented parallel to the fibre axis; and G 3 , the inner region of the G-layer, with counterclockwise microfibril rotation. Our observation of obliquly cut sections stained with KMnO 4 (Figures 5b  and 6a -e) appears to have been obtained from type 1 fibres with G 1 and G 2 regions. The rotation of the cellulose microfibrils from the outer to the inner parts was also found in the G-fibres of six species. Although we examined a limited number of tree species, the change in cellulose microfibril orientation that we observed in the outer parts of the G-layers might be a general phenomenon in tension wood fibres of the S 1 +G type.
Heterogeneous distribution of xylan and lignin in the G-layers
Although the degree of staining differed between tree species in this study, the G-layer was heterogeneously stained with KMnO 4 . This heterogeneous staining pattern has been reported in previous studies Ono 1971, Araki et al. 1983) in which specimens were stained before embedding. In this study, staining ultrathin sections with KMnO 4 enabled us to observe detailed heterogeneous staining patterns in the G-layers. In a study of the mechanism of KMnO 4 staining, Bland et al. (1971) showed that the presence of phenolic hydroxyl groups in lignin was important for the fixation of wood sections. This staining has been widely used for lignin detection by TEM (Hepler et al. 1970 , Kutscha and Schwarzmann 1975 , Saka et al. 1979 , Maurer and Fengel 1990 , Michalowicz et al. 1990 ). Our results obtained by UV microscopy and KMnO 4 staining indicate the presence of lignin in the outer parts of the G-layers. In addition, the results of immunogold xylan labelling coupled with KMnO 4 staining clearly show the heterogeneous colocalization of xylan and lignin in the outer parts of the G-layers. In the tension wood of the tree species used in our study, the amounts of lignin and xylan decreased from the outer to inner parts of the G-layers in relation to the gradual change in cellulose microfibril orientation. In a study of the role of xylan in lignification, Reis and Vian (2004) proposed that the cellulose/glucuronoxylan composite is a charged and highly anisotropic construction forming a host structure for lignin precursors. The colocalization of xylan and lignin in the G-layers in species with tension wood fibres of the S 1 +G type suggests that the absence of xylan might be a reason for the absence of lignin in the G-layers of tension wood fibres of the S 1 +S 2 +G type . Therefore, xylan localization and cellulose microfibril orientation should be examined in other tree species with aromatic compounds in the Glayers (Saiki and Ono 1971 , Araki et al. 1982 , Yoshida et al. 2002 , Lehringer et al. 2008 , 2009 ). We found two types of Gfibres: strong xylan labelling and faint or almost no xylan labelling in the innermost parts of the G-layers (Figure 7) . The innermost parts of the G-layers in some fibres also showed UV absorption (Figure 2b , c, e and f) and KMnO 4 staining (Figure 4c , e and f) in some fibres, suggesting the colocalization of xylan and lignin in these regions. The innermost parts of the G-layers in some fibres in B. japonica showed birefringence under a polarizing light microscope (data not shown), indicating that microfibril orientation may be changed. However, the change in the other species was not sufficient to show clear birefringence (data not shown). On this point, detailed study using other techniques including FE-SEM as described in the study of Prodhan et al. (1995a, b) will be necessary. The presence of two types of Gfibres might be consistent with the two types of tension wood Tree Physiology Online at http://www.treephys.oxfordjournals.org fibres in F. mandshurica var. japonica, as proposed by Prodhan et al. (1995b) . Recently Roussel and Clair (2015) reported the evidence of late lignification of G-layers in S. amara tension wood and examined ontogenic variation of the tension wood cell wall among (1) seedlings staked in the greenhouse, (2) saplings guyed in the forest and (3) adult trees naturally tilted in the forest. In their fluorescence micrographs, G-layers showed almost no fluorescence in the early stage of development, whereas lignin autofluorescence can be found in outer part of Glayers and also innermost parts in some fibres in the case of (1), whereas the fluorescence can be seen throughout G-layers in the later stage of development in the cases of (2) and (3). Lignin distribution in developed tension wood fibres in the present study seems to be similar to the case (1), although the width of lignified innermost region is slightly wider in Simarouba than that in the tree species used in the present study. On this point, further study will be necessary to clarify ontogenic variation of the tension wood cell wall in these tree species.
We also found G-fibres with a multi-layered structure in some tension wood fibres in B. japonica, in which xylan was distributed in very thin layers (Figure 7i, arrows) in the G-layers. A similar multi-layered structure has been reported in the G-layers in other species (Clair et al. 2006 , Ruelle et al. 2007 , Nakagawa et al. 2012 , Ghislain et al. 2016 . Recently the diversity in the organization and lignification of tension wood fibre wall was reviewed by Ghislain and Clair (2017) . Further detailed observations should be conducted to clarify the relationship between Gfibres of the S 1 +G type and this multi-layered structure in some G-layers. In a study of the specificity of KMnO 4 staining, Hoffmann and Parameswaran (1976) showed that KMnO 4 contrasted acidic groups (carboxyl groups). In wood cell walls, acidic groups exist as glucuronic acid residues in xylan or galacturonic acid residues in pectin. Acidic groups from pectin or other polysaccharides may also exist in G-layers as has been detected in tree species forming G-fibres of the S 1 +S 2 +G type (Furuya et al. 1970 , Gorshkova et al. 2015 , Gritsch et al. 2015 . Work on this subject is currently in progress, to examine G-layers of these species with specific monoclonal antibodies for pectin, xyloglucan and arabinogalactan protein.
Summary and conclusions
In several Japanese hardwoods, tension wood fibres of the S 1 +G type showed heterogeneous colocalization of xylan and lignin in the G-layers, suggesting a possible role for xylan in the heterogeneous lignification of the G-layers. The degree of KMnO 4 staining differed among tree species. The arrangement of cellulose microfibrils gradually changed from a steep helix in the outer parts to parallel to the cell axis in the inner parts of the G-layers. The rotation of cellulose microfibrils and heterogeneous distribution of xylan and lignin might be a general phenomenon in tension wood fibres of the S 1 +G type.
